Objective-Children born preterm are at elevated risk for several developmental and health concerns. Early sleep patterns may be associated with these concerns. The current study assesses the associations between toddler circadian sleep/activity patterns and later developmental, behavioral, attentional, and health concerns in this at-risk population.
Developmental Correlates of Circadian Patterns
The most common correlates of circadian patterns in healthy children/adolescents (born at term) are attentional difficulties and behavioral problems. Several studies have documented that children with later bedtimes, later chronotypes, or later family lifestyle patterns have more attentional and behavioral problems. 12 -16 Additionally, studies in adolescence document an increased risk for health-related issues, anti-social behaviors, and a decline in school performance with later bedtimes. 17 , 18 For example, Merikanto and colleagues 17 documented more self-reported health concerns (i.e., headaches, bodily pains, abdominal irritation) and more missed school with later bedtimes. In young children there are far fewer studies; but a similar pattern emerges with associations between irregular or late bedtimes and elevated behavioral problems. 19 The present study builds on this literature but assesses circadian sleep patterns in a distinctly different manner.
Assessing Circadian Patterns
Theoretical models of sleep-wake regulation highlight the robust influence of homeostatic and circadian sleep processes; however, researchers and clinicians readily recognize challenges in assessing these patterns in children. 20 The most commonly used model in sleep research is the two-process model of sleep regulation. In this model, sleep/wake regulation is a function of two biological processes -homeostatic (process S) and circadian (process C). The homeostatic drive (or need) for sleep builds the longer a person is awake, and the circadian drive for sleep is aligned roughly with 24-hour day/night cycles. For adults and children, circadian patterns (process C) follow a relatively consistent sinusoidal pattern ( Figure 1a ). For homeostatic patterns (process S), children follow a distinctly different pattern because sleep pressures rise more quickly in children ( Figure 1b ). This increased daytime sleep drive often culminates in a midday nap. Researchers often grapple with how to model or capture meaningful elements of child sleep patterns that reflect both of these processes. Some researchers assess amount or variability in sleep, but this method does not adequately capture patterns over time. To more readily index sleep patterns, other studies have assessed bedtime or morning rise time 19 or have categorized children based on family lifestyle/sleep timing elements, 16 all of which may capture circadian but not homostatic processes. Recently, researchers have started applying times series analysis (TSA) to actigraphically collected data which allows for sinusoidial modeling of activity/rest patterns using specified oscillations. 21 This approach captures circadian cycling well, but like other methods, it does not adequately account for the homeostatic pressures present in young children. The current study builds on this approach by using TSA with two sinusoidal waves. We modeled circadian processes using a sinusoidal oscillation with a 24-hour period and homeostatic processes using an attenuated oscillation with a 12-hour period. Figure 2 provides a visual depiction of the employed TSA with the two specified oscillations ( Figure  2c ), and a conceptual depiction of the combined wave form (Figure 2d ). This approach will allow us to assess the regularity of a child's 24-hour circadian cycle (process C) with an adjustment for daytime napping (process S).
Hypotheses
Building on previous sleep research, we anticipated that toddler circadian patterns would be associated with later cognitive, behavioral, attention, and health concerns. Toddler circadian patterns will be evaluated using three wave form or pattern parameters (mesor, amplitude, phase; see Figure 3a ) and overall goodness-of-fit to a specified circadian sleep pattern. This specified pattern follows established norms for circadian patterns (roughly 24 hours per cycle) and a developmentally appropriate dip in activity (or sleep) approximately 6 hours after waking (roughly12 hours per cycle). We hypothesize toddlers with sleep patterns that do not consistently align with this pattern (low overall goodness-of-fit) will have less optimal outcomes (i.e., lower cognitive skills, more behavioral and attentional problems, and more health concerns). With respect to wave form parameters (Figure 3a) , we hypothesized that higher average activity (mesor) and variability (amplitude) will be associated with less optimal outcomes. For phase, we hypothesized that shorter phase or more abrupt transitions from sleep to highest activity would be associated with less optimal outcomes.
METHODS

Participants
Participants included 99 infants born preterm but without significant neurological complications. A total of 181 mothers and their infants were initially recruited from three neonatal intensive care units (NICUs) in the central region of the United States between 2005 and 2008 as part of a larger longitudinal study focusing on infants born preterm or low birthweight. Data from four of the initially enrolled 181 families were removed because we later discovered that a grade IV IVH had occurred and/or the child was diagnosed with cerebral palsy. Six additional cases were removed because the infants were born ≥ 36 weeks, despite having low birthweights. The present study includes a subset of these infants who participated in the sleep portion of the study. Enrollment into the sleep study was based on time of entry into the study. Participant family characteristics paralleled the population of the region in education and poverty, although participant families were more racially diverse (for additional details see Poehlmann-Tynan et al, 2015). 22 Additional descriptive statistics are provided in Table 1 .
Measures
Infant Prematurity and Medical Risks-Infant medical records were reviewed to collect infant prematurity and medical intervention/complications data. Because infant birthweight and gestational age were highly correlated (r = .88, p < .001), we standardized and summed them to generate an index of infant prematurity, with lower scores representing more prematurity. We also created a 10 item neonatal medical risk variable. For this index we dichotomized each of the following into 1 if present and 0 if absent (% indicates the percentage of the sample with this medical risk): diagnosis of apnea (68%), respiratory distress (52%), chronic lung disease (11%), gastroesophageal reflux (9%), multiple birth (19%), supplementary oxygen at NICU discharge (10%), apnea monitor at NICU discharge (44%), 5 minute Apgar score less than 6 (3%), ventilation during NICU stay (52%), and NICU stay of more than 30 days (37%). Data screening revealed that the infant prematurity and neonatal medical risk indices were highly correlated, (r = .70, p < .001). It is probable that this strong association would create analytic issues; therefore, we retained only infant prematurity in the final models, but information on infant medical complications/risk are provided in Table 1 .
Behavior Problems-The preschool form of the Child Behavior Checklist (CBCL) 23 was used to assess children's behavior and sleep problems at 3 years of age and the school-age CBCL form was used at 6 years of age. The CBCL is a commonly used standardized behavior rating scale that is completed by an adult with whom the child lives. 24 -27 The CBCL lists 99 problem behaviors. Parents rated each problem behavior on a three point scale, not true (0), somewhat or sometimes true (1), or very true or often true (2) , in reference to the child's behaviors that occurred during the past two months. Raw scores were summed and converted into standardized T scores which ranged from 50 to 94. The present study utilized the Internalizing, Externalizing, and Total Problems scales. The CBCL has high internal consistency, with Cronbach's alphas ranging from .78 to .97, and it has been used with children at risk for developmental concerns.
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Attention Problems-Child attention problems were indexed with three measures. First, the Conners 3-P and the Connors 3-T were used to assess parent and teacher ratings of child functioning including symptoms of inattention, hyperactivity/impulsivity, learning problems/ executive functioning, depression, anxiety, aggression, peer relationships, and family relationships at 6 years of age. Specifically, the hyperactivity/impulsivity scale includes items corresponding to the core symptoms of ADHD. 29 The Connors 3 was normed on a sample including 1,200 parents and 1,200 teachers from the 2000 U.S. Census. It has strong internal consistency (Cronbach's alpha ranged from .71 to .98) and construct validity. 29 Additionally, the attention problems and the ADHD subscales of the CBCL were used to index parent-reports of attention problems at 3 and 6 years of age.
Circadian Patterns-Child movements were recorded in one-minute epochs using a micromini-motionlogger® (Ambulatory Monitoring, Incorporated) and interpreted as sleep or awake using the Sadeh algorithm provided in Action-W version 2.7.3. Following actigraphy best practice guidelines, actigraphs were worn for 7 consecutive 24-hour periods, and a parent-report sleep log was used to aid in interpreting the actigraphy data. 30 Actigraphy is commonly used to index child activity/sleep patterns in healthy children, children with developmental concerns, and children born preterm. 31 , 32 A minimum of five nights were required for analyses. The work of Thomas and Burr 33 has demonstrated that only 48 hours of data are required to assess circadian patterns via a cosinor model; therefore, we feel five nights are adequate. Each child's raw minute-by-minute activity scores were smoothed using a moving average with a 60-minute window and then subjected to the cosinor model.
Cognitive Skills-Child cognitive skills at 3 years of age were estimated using the Abbreviated Battery IQ scale (ABIQ) from the Stanford-Binet Intelligence Scales, 5 th edition. 34 The ABIQ comprises the sum of the Nonverbal Fluid Reasoning and Verbal
Knowledge scaled scores. We assessed each child's ABIQ age equivalent and their ABIQ based on his/her chronological age and corrected age (adjusted for gestational age).
Illness-related Health Care Visits-A general health questionnaire was completed by the child's primary caregiver at 3 and 6 years of age. The questionnaire assessed number of: (1) emergency room (ER) visits, (2) hospital in-patient stays, (3) acute care visits, and (4) all illness-related medical visits for the year. The first three categories are distinct, but the fourth category (total illness-related medical visits) includes all of the other three and all other illness-related medical care visits (i.e., general practitioner visits). Child illness-related medical visits ranged from 0 to 31 at 3 years of age and 0 to 20 visits at 6 years. The data for illness-related health care visits had a positive skew and followed a Poisson distribution with most children having only a few medical visits. These data were assessed using a Poisson regression with incidence rate ratios (IRR) to account for this distribution. Additional medical care visit information is provided in Table 5 .
Sociodemographic Assets-Mothers completed a demographic questionnaire at hospital discharge, which included information about maternal age, maternal education, family income, and household composition. Because maternal age, education, and income were highly correlated, these variables were standardized and summed to generate a sociodemographic asset index (descriptive statistics provided in Table 1 ).
Procedure
Multiple methods were used to collect data prior to hospital discharge, and 2, 3, and 6 years of age. At hospital discharge, infant birthweight and gestational age were collected from hospital records, and mothers completed a demographic questionnaire. At 2 years of age, toddler sleep was assessed via actigraphy and a parent-report diary. Child concerns were assessed at 3 years of age using parent-reports of health (illness-related medical visits), attention, and behavior problems. Additionally, at 3 years of age each child completed a laboratory visit which included an assessment of cognitive skills. At 6 years of age, parents once again reported on child illness-related medical visits, attention, and behavior problems and teachers were asked to report on any attentional problems.
Statistical Analysis
The employed statistical approach included two steps. First, a two-period cosinor model 35 was estimated for each child using his/her actigraph data. The raw actigraph data ( Figure 2a ) was first smoothed using a moving average with a 60-minute window (Figure 2b ). Cosinor models were used to extract parameters on each child. These parameters included mesor, amplitutes for each period, phases for each period, and the R 2 (overall fit to the specified model). Cosinor parameters were orthoganalized to avoid multi-collinearity. Second, estimated parameters from each child's cosinor model were used to predict cognitive, behavioral, attention, and health concerns at 3 and 6 years of age with covariates that included household sociodemographic assets, prematurity, infant gender, and number of children in the home. Linear regression was used for continuous outcomes, and Poisson regression was used for count data (i.e., illness-related health care visits).
Interpretation of Cosinor Parameters
The employed TSA (cosinor models) included estimates for several elements of a wave form. In Figure 3a , a sample 24-hour cosinor model is provided with each of the estimated parameters: mesor, amplitude, and phase. To align with typical human circadian cycles, the period was set at 24 hours, but the other wave form elements (mesor, amplitude, and phase) where allowed to vary from child to child. Period refers to the distance between peak activity or the time elapsed for one complete cycle. The mesor measures the rhythm-adjusted mean in activity levels. Mesor therefore may be interpreted as the average activity level over time.
The amplitude measures half the distance between the minimum activity (sleep) and peak activity fitted by the function. Amplitude can be interpreted as the intra-individual heterogeneity in activity (i.e., the half-range between sleep and peak activity). Phase measures the time to peak activity (or wake time or sleep onset) from a reference time point. Phase can shift forward or back when wake or sleep onset moves in relation to the reference time (y axis). While a change in mesor would shift the curve vertically, a change in phase would shift the curve horizontally such that a different part of the cycle crosses the y-axis. Figure 3b depicts a sample wave form with a relatively longer phase, higher mesor, and higher amplitude. Figure 3c is a sample wave form with a relatively short phase, lower mesor, and lower amplitude.
We use the same reference time for all children, midnight, so that the estimated phase is measured using the same reference point. We created an average or age-appropriate pattern with a 24-hour circadian 'wave' and a second attenuated oscillation with a 12-hour period to represent the homeostatic 'wave' (Figure 2c ). This pattern was built based on existent research that demonstrates that most humans follow a roughly 24-hour circadian cycle and young children (between 2 and 3 years of age) typically nap roughly 6 hours after waking (in the afternoon). With the addition of the second wave we aimed to account for the expected midday nap or drop in activity. We labeled this the specified 24-hour circadian pattern (SCC) with an adjustment for daytime napping. We interpreted this as circadian because the circadian oscillation was the predominate wave. We used R 2 as a measure of how well each child's smoothed data fit the SCC.
RESULTS
Behavior Problems
Behavior problem scores at ages 3 and 6 (Table 2) were not associated with most of the circadian rhythm parameters with the exception of the amplitude on the 12-hour cycle. This implies that children with more night activity at age 2, including possible awakenings, were more likely to have higher externalizing and total problem behaviors at age 3 as indexed by the CBCL. For example, higher amplitude (by one standard deviation) for the 12-hour period was associated with a 0.23 standard deviation increase in total problem behavior at age 3. At age 6, a similar effect emerged for internalizing behavior problems. None of the sleep parameters were associated with internalizing problems at 3 years of age or externalizing problems and total problems at 6 years of age. Additionally, more family sociodemographic assets were associated with fewer parent-reported externalizing and total problems at 3 years of age and fewer externalizing problems at 6 years of age.
Attentional Problems
Unexpectedly, child fit to the SCC was not associated with child attentional difficulties or ADHD symptoms at 3 or 6 years of age (Table 3) . Family sociodemographic assets were the most robust predictor at 3 years of age with more assets preceding fewer parent-reported attentional problems. Elevated teacher-reports of child ADHD symptoms at 6 years of age were associated with lower MESOR or lower average activity at two years of age.
Cognitive Skills
At 3 years of age, higher child ABIQ scores were associated with better fit to the SCC (Table 4 ). An R 2 value that is one standard deviation higher (about 15% more variance explained) is associated with approximately one quarter standard deviation increase in ABIQ scores. Children from families with more sociodemographic assets also had higher ABIQ scores.
Illness-related Health Care Visits
Several illness-related health care visits at ages 3 and 6 years were associated with circadian parameters (Table 5) . Unexpectedly, good fit to the SCC was associated with more hospital visits at 3 years of age. Additionally, at age 3, higher average activity (mesor) was associated with lower risk for total medical visits, acute care visits, and hospital visits. For example, a one unit higher average activity level was associated with a risk rate less than half (Hospital IRR = 0.45) that of someone with a unit lower activity level. For amplitude (variability), distinctly different patterns emerged at 3 and 6 years of age. At 3 years of age, higher amplitudes were associated with increased risk for acute care and hospital visits. Specifically, higher 24-hour amplitude was associated with a higher risk for hospital visits (IRR = 2.42), and a higher 12-hour amplitude was associated with a higher risk for acute care visits (IRR = 1.29). These findings are consistent with our hypotheses; however, contrary to expectations, at 6 years of age higher amplitude was associated with fewer acute care and total medical visits. Additionally, boys and children who were born more premature were at elevated risk for hospital visits.
At 6 years of age, better fit to the SCC at 2 years predicted a lower risk for total medical visits and ER visits. Likewise, higher average activity predicted a lower risk for total medical visits, hospital visits, and ER visits. Children who were born later and weighted more at birth had a lower risk for total medical care visits, hospital visits, and ER visits. Similarly, children from families with more sociodemographic assets had a lower risk for total medical visits and hospital visits.
DISCUSSION
For young children born preterm, toddler circadian sleep patterns were associated with their later cognitive testing and illness-related health care visits. At two years of age, children with sleep/activity cycles that consistently maintained a roughly 24-hour cycle had higher abbreviated IQ scores at 3 years and a reduced risk for total medical and ER visits at 6 years of age. In this at-risk sample, a higher average level of activity at 2 years of age appeared to be protective and was associated with few teacher-reported ADHD symptoms and a lower risk for illness-related health care visits. However, not all of our findings followed the expected pattern. Contrary to expectations, at 3 years of age higher goodness-of-fit to our specified circadian cycle was associated with a greater risk for hospital visits, and at 6 years of age higher amplitude (variability) was associated with a lower risk for acute care and total medical visits. Overall, the findings from this study are not entirely consistent and indicate that replication is warranted before generating clinical recommendations. The following sections will consider our study findings within the larger body of literature in this area.
Child behavior problems are often associated with child sleep problems and later child/ family choronotypes. 12 -16 In the present study, we did not find this; however, we did not directly assess sleep problems or child chronotype. Our modeling technique provided a strong test of circadian cycle regularity. However, because our models all started at midnight, this provided an indirect assessment of circadian cycle timing or chronotype. Children who did not have low-levels of activity at midnight (i.e., those who were awake later) did not have good fit to the SCC. Another reason our results may not have reflected the expected association between behavior problems and sleep pertains to this modeling strategy. Children could have a poor fit to the SCC for multiple reasons (e.g., cycle length irregularity, high activity levels at night, long daytime naps) and not all of these may be associated with behavior problems. For example, children and adults born preterm tend to have an early chronotype, 9 -11 and this early chronotype is often associated with positive or more adaptive behavioral features. In the present study, poor fit to the SCC may reflect preterm toddlers with an early chronotype or those who have cycle sleep irregularity. This difference in the underlying mechanism for poor fit may be masking our expected effect. Alternatively, our findings could reflect that objectively measured sleep patterns are not robustly associated with perceived behavior problems. This is consistent with previous literature as many studies that report associations between sleep and behavior problems are comparing perceived problems in both areas. 36 , 37 Our findings regarding average activity level are intriguing. At first glance it seems counter intuitive that higher average activity levels would be associated with positive developmental and health outcomes. However, this likely reflects the high-risk nature of this sample. A portion of infants born preterm remain medically fragile for much of their early development, and children with low levels of activity may reflect these less robust infants/ toddlers. The mesor or activity index in the present study reflects both activity at night and during the day. Although low levels of activity at night are generally acknowledged as adaptive, low levels of activity during the day could reflect medical fragility, lethargy, or other developmental processes. With replication, this information may inform future screening efforts to identify infants who are at elevated risk for less than optimal long-term outcomes.
For children born preterm, attention problems and ADHD symptoms are among the most common concerns raised by parents and teachers (and documented by research). 37 Given the strong literature base linking sleep and daytime attention, 39 we anticipated toddler sleep behaviors would be associated with later attentional problems and ADHD symptoms. We did not find support for this. Only one association emerged between teacher ADHD symptom reports and activity. As noted earlier, this was not in the expected direction with a significant association between lower average activity and higher ADHD symptom reports. It is possible the attention problems faced by children born preterm reflect elements of neurological maturity at birth and are less influenced by sleep. Gössel-Symank and colleagues 40 recommend following rest-activity patterns to identify children at increased risk for attentional problems, but our study did not provide support for this recommendation.
In the present study, family sociodemographic assets were one of the most consistent predictors of later cognitive, behavior, attention, and health concerns. At three years of age, children from families with more sociodemographic assets had higher ABIQ scores and fewer parent-reported attention, ADHD, externalizing, and total problems on the CBCL. At six years of age, these children continued to have fewer parent-reported externalizing problems. Additionally, they had fewer total medical visits and hospitalizations at 6 years of age. A long line of research highlights the strong developmental impact of poverty in early childhood and this impact appears to be even stronger for infants born preterm. 41 -43 The current study is consistent with this line of literature and demonstrates family sociodemographic assets (at time of birth) may be used to identify children at the highest risk for later developmental and health concerns.
Limitations
In the present study we aimed to model both circadian and homeostatic processes in sleep using two sinusoidal waves within a TSA framework. In theory this was sound, but in practice the influence of the second (smaller) oscillation was minor, and it did not provide a model of daytime napping or a midday drop in activity. Our interpretation of the models reflects this (we focus on the larger 24-hour circadian wave), but this is a clear limitation of the present study. Future studies that employ a TSA approach can build on our model, but additional parameters may be needed to more accurately reflect the dynamic nature of the circadian and homeostatic processes in young children (i.e., napping). A second limitation is our rather large and non-random attrition from 3 to 6 years. Families who did not participate in the study at 6 years of age had fewer sociodemographic assets and were less likely to be Caucasian (Table 1 ; see Poehlmann-Tynan et al., 2015 for more details). 22 This attrition pattern may limit the study generalizability and the presented findings may not reflect nonCaucasian families or those with fewer sociodemographic assets. Finally, the bidirectional nature of sleep and developmental/health concerns should be acknowledged. Although sleep and developmental/health concerns were temporally ordered in the present study, this is not sufficient to imply causation. Developmental and health concerns are often linked with concurrent sleep problems/patterns, and the presented associations may not be predictive.
CONCLUSION
The novel approach used in the present study to assess circadian sleep patterns provides clinicians and researchers a pattern-based method to assess sleep patterns over time. In children born preterm, toddler circadian sleep patterns may inform later cognitive skills and health risks. With replication, the present study could provide a mechanism for physicians and early childhood interventionists to promote development and health in this at-risk population. By educating parents on the importance of regular sleep habits, physicians and interventionists may ameliorate the modifiable risk factor of sleep dysregulation. When supporting healthy sleep habits, interventionists should consider the larger literature base (not just this study) and recognize that each child's optimal sleep pattern will reflect several factors (e.g., genetics, family context) and may not follow the specified 24-hour circadian cycle used in this study.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. A visual depiction of the employed data processing approach: (a) raw actigraphic data for five 24-hour periods, (b) 60-minute smoothing of the same data, (c) overlay of the two specified oscillations; one with a 24-hour period (single solid line) and an attenuated 12-hour period (double solid line), and (d) a conceptual depiction of the combined wave form estimated within the cosinor models (dotted line). Regression Models a for Attention Problems and ADHD Symptoms at 3 and 6 Years 
